Metallothionein (MT) is a metal-binding protein rapidly accreted in many tissues in response to trace elements or hormones. To gain an understanding of the regulation of MT accretion, rates of MT synthesis and degradation were determined by using a decay-kinetics technique. A chicken macrophage-cell line (HDl 1) that rapidly aceretes incremental amounts of MT 
INTRODUCTION
Metallothioneins (MTs) are 6500 Da metal-binding proteins which contain 33 mol of cysteine/100 mol, but no phenylalanine or tyrosine [1] [2] [3] [4] [5] [6] . An MT gene is expressed in response to either hormones or trace elements [7] [8] [9] . Upon MT-gene expression, the amount of MT mRNA and MT protein quickly increases several-fold from previously low levels [7] [8] [9] [10] [11] [12] [13] . Since MT accretion varies according to the magnitude and type of trace-element exposure [10, 11, 14, 15] , knowledge of the regulation of MT accretion would provide an insight into its ability to rapidly chelate trace elements.
The rate of MT accretion is dependent upon rates of the opposing processes of MT synthesis and MT degradation. Previously determined rates of MT synthesis and degradation [7, 12, 14, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] have not been determined in the same experiment or under the same experimental coinditions so that relative contributions of these processes to MT accretion can be assessed. Previous studies indicate that the type of trace element chelated by MT [12, [16] [17] [18] [19] [20] [21] [22] [23] [24] and trace-element status of the animal [16, 20] affect the rate of MT degradation. Since the rate of isotope incorporation into MT is also affected by trace elements [7, 12, 14, 18, 22, 24, 25, 27 ], it appears that MT accretion may be regulated by changes in its rates of both synthesis and degradation. An understanding of the relative contributions of protein synthesis and protein degradation is important for understanding the roles of MT in chelating and in releasing trace elements for nutritional, immunological or toxicological functions.
Rates of MT synthesis and degradation can be measured simultaneously using decay-kinetic techniques [28] , by monitoring the decrease over time of an isotopically labelled amino acid in MT. We report the use of decay kinetics to study the regulation of MT accretion in a chicken macrophage-cell line induced to accrete different amounts of MT in response to various concentrations and sequences of Zn2+ or Cd2+.
MATERIALS AND METHODS

Cell culture
Chicken HD1I macrophages transformed by a myc-containing MC29 retrovirus [30] were grown in canted-neck flasks (Corning Glass Works, Corning, NY, U.S.A.) containing RPMI-1640 medium + 25 mM-Hepes (Sigma Chemical Co., St. Louis, MO, U.S.A.) supplemented with 5 % (v/v) fetal-bovine serum (Irvine Scientific, Santa Ana, CA, U.S.A.) and 50 mg of gentamicin sulphate (Gibco Laboratories, Grand Island, NY, U.S.A.)/l. These cells were incubated in a humidified air/CO2 (19: 1) atmosphere at 41.5 'C. Approx. 2 days before the start of each experiment macrophages were scraped from the flasks and 1.08 x 107 cells in 5 ml of medium were added to replicate 35 mmdiameter cell wells (Corning Glass Works).
Isolation and quantification of MT
MT was isolated by a reverse-phase (r.p.) h.p.l.c. procedure similar to that described by Richards & Steele [11] , which purifies two MT isoforms from macrophage cytosol with 940% homogeneity [31] . Briefly, macrophage cytosol was heated at 60 'C for 10 min, centrifuged at 16000 g for 20 (0.46 cm x 8.3 cm) with a 3 ,um particle size (Perkin-Elmer Corp., Norwalk, CT, U.S.A.). The column was maintained at ambient temperature and equilibrated with 10 mM-NaH2PO4, pH 7.0. MT was eluted at 1 ml/min with a two-step linear gradient consisting of 0-10% of 10 mM-NaH2PO4+ 60% acetonitrile, pH 7.0, from 0 to 5 min, followed by a 10-25 % gradient from 5 to 20 min. The eluent was monitored spectrophotometrically at 214 nm, and MT-containing peaks were integrated by a Maxima-820 chromatography workstation (Millipore Corp., Waters Chromatography Division). In order to quantify chicken macrophage MT induced by Cd2+ (Cd-MT) and Zn2t (Zn-MT), Cd-MT and Zn-MT standards were purified from chicken liver [31] . These MT R.p.h.p.l.c. resolves two distinct MT isoforms from chicken macrophage cytosol [11, 31] . The first isoform (MT-i) is predominant and is accreted in response to trace elements. Fractional rates of MT synthesis, degradation and accretion were similar for both isoforms; thus we limit further discussion to the first MT isoform eluted from the r.p.h.p.l.c. column.
Since rates of protein synthesis and degradation are zero-and first-order processes respectively [28] , expression of these rates as such is useful for interpreting their contribution to the regulation of MT accretion. The MT synthetic rate is best expressed as an absolute rather than a fractional rate because it is most likely to be independent of the quantity of MT. The MT degradative rate is best expressed as a fractional rather than absolute rate because it is most likely to be dependent on the quantity of MT. It is useful to express the rate of MT accretion as either a zero-or first-order process, because it is a combination of synthetic and degradative processes.
The influence of metal type on the maximum rate of MT accretion varied with time. For the first 16 h after exposure, Zn2+ induced a 2-fold greater rate of MT accretion than did Cd2+ ( Fig.   1 ; 20,M-Cd2+ versus 60,cuM-Zn2+), but from 19 to 31 h after exposure, rates of MT accretion were not significantly different (Fig. 2b) . The similar fractional rates of MT accretion after induction by Zn2+ or Cd2+ from 19 to 31 h were accomplished with identical fractional rates of synthesis (k8 of 0.049 for both high Cd2+/high Cd2+ and high Zn2+/high Zn2+; Table 1 ). Accretion rates were also very similar during the decay period when macrophages were exposed to levels of Zn2+ or Cd2+ that were half that which resulted in maximal MT accretion rates (10 M-Cd2+ and 25 ,M-Zn2+; Fig. 2a ). At these lower traceelement concentrations, the similar accretion rates were accomplished with widely different fractional rates of synthesis and degradation. The fractional rate of degradation was more than twice lower for macrophages exposed to Cd21 (low Cd2+/low Cd2+) compared with Zn2+ (low Zn2+/low Zn2+), and the fractional rate of synthesis was sufficiently adjusted to result in similar rates of accretion ( Table 1) .
The greater absolute rate of MT accretion in macrophages [29] . A greater absolute rate of MT accretion was measured in macrophages incubated continually in 20 /SM-Cd2+ (high Cd2+/high Cd24) as compared with 10 tM-C&d2 (low Cd24/low Cd2+). Unlike the case with increased Zn2+ concentrations, the greater absolute rate of MT accretion resulting from increased Cd2+ concentrations was due solely to a greater absolute rate of MT synthesis (Table 1) . Changes in the rates of both MT synthesis and degradation determine MT accretion after removal of Zn2+ from the medium.
When macrophages accreted MT in response to 50 /tM-Zn2+ and were then incubated in medium not supplemented with trace elements (high Zn2+/0), the quantity of MT accreted decreased over time ( [29] . The fractional rate of MT degradation, we measured in macrophages incubated with high Zn2+/0 remained constant (r2 = 0.92) throughout the 12 h it was measured. The increased Zn-MT degradative rate we and others [12, 29] [28] we measured a t1 of 22 In cultured HeLa cells, the ti of Zn-MT was 36 and I 1 h with Zn24-supplemented and -unsupplemented media respectively [12] .
These experiments demonstrate that the rate of MT accretion is controlled by changes in both synthesis and degradation rates. In general, increases in MT accretion rates are a result of increased rates of synthesis and decreased rates of degradation. Under some circumstances, such as exposure to high levels of
